In the canonical (G-X-Y) n sequence of the fibrillar collagen triple helix, stabilizing direct interchain hydrogen bonding connects neighboring chains. Mutations at G can disrupt these interactions and are linked to connective tissue diseases. Here we integrate computational approaches with NMR to obtain a dynamic view of hydrogen bonding distributions in the (POG) 4 -(POA)-(POG) 5 peptide, showing that the solution conformation, dynamics and hydrogen bonding deviate from the reported x-ray crystal structure in many aspects. The simulations and NMR data provide clear evidence for inequivalent environments in the three chains. MD simulations indicate direct inter-chain hydrogen bonds in the leading chain, water-bridges in the middle chain, and non-bridging waters in the trailing chain at the G→A substitution site. Theoretical calculations of NMR chemical shifts using a quantum fragmentation procedure can account for the unusual downfield NMR chemical shifts at the substitution sites and are used to assign the resonances to the individual chains. The NMR and MD data highlight the sensitivity of amide shifts to changes in the acceptor group from peptide carbonyls to water. The results are used to interpret solution NMR data for a variety of glycine substitutions and other sequence triplet interruptions, to provide new connections between collagen sequences, their associated structures, dynamical behavior and ability to recognize collagen receptors.
INTRODUCTION
Collagen is the most abundant protein in the human body and is remarkable as it plays a dual role as a structural protein that provides tensile strength to skin, bone, cartilage and blood vessel walls, and as a protein that is highly biologically active and involved in many extracellular matrix interactions [1] [2] [3] . The linear, (G-X-Y) n repetitive triple helical collagen motif presents a very different picture from a typical folded globular protein, and its interactions have different features or specificity. The triple helix is a rod-like folded form in which the glycine residues are all buried near a central axis, while the residues in the X and Y positions are largely exposed to solvent 4, 5 . The collagen triple helix has a one-residue stagger and the hydrogen bonding (H-bond) of the triple helix is between the three chains with the backbone amide protons of the Gly residues forming inter-chain hydrogen bonds (H-bonds) with the carbonyl oxygen of the X residue in the adjacent chain. All polar residues and hydrophobic side chains are on the exterior, and there is no hydrophobic core. The X and Y positions are frequently occupied by Pro and hydroxyproline (abbreviated by the three letter code Hyp or one letter code O), respectively, which are important to triple helix stability, and Gly-Pro-Hyp is the most common and most stabilizing tripeptide sequence.
Defects in the triple helix domain of collagen have been associated with a number of human collagen diseases 1, [6] [7] [8] . Osteogenesis Imperfecta (OI) or brittle bone disease affects roughly one in 10,000 individuals and results from mutations in type I collagen, a heterotrimer comprised of two α1(I) chains and one α2(I) chain [6] [7] [8] . The most common mutation is a single base change that leads to the replacement of a single Gly by another residue anywhere along the (G-X-Y) n sequence, breaking the repeating tripeptide pattern. The severity of the diseases varies widely, ranging from mild cases with multiple fractures to perinatal lethal cases. The molecular basis of the disease is still not understood but it has been shown that mutations result in perturbation of the local conformation and dynamics of the triple helix structure around the mutation site 6, 9, 10 .
Collagen model peptides (CMPs) have been used to model the conformation, dynamics, folding and stability of the collagen triple-helix [11] [12] [13] [14] [15] . The simplest model of an OI mutation, a Gly to Ala substitution in the center of the repeating (POG) 10 sequence (referred to as G→A peptide hereafter), has been shown to form a very stable triple helix but with a significant decrease in thermal stability relative to the peptide with repeating (POG) 10 sequence 16 . Studies on a heterotrimer model of a Gly to Ala substitution show that the thermal stability varies as a function of the number of chains that contain an Ala substitution 17 . The X-ray crystal structure 18, 19 reveals a highly localized disrupted screw symmetry at the mutation site and shows a loss of direct inter-chain H-bonds. For each chain, the direct H-bonds are replaced with water mediated hydrogen bonds in which water creates a bridge between the backbone group of the Ala NH to the O=C group of the Pro in the neighboring chain.
Because the unique rod-like structure and repeating sequence of the triple helix make assignments difficult, solution NMR structural studies are challenging 20 . However, NMR data on G→A peptides suggest that the structural and dynamic perturbations are very sensitive to the local sequence context surrounding the mutation [21] [22] [23] [24] , and that perturbations induced by the Gly to Ala mutation in the (POG) context deviate from those in the crystal environment. The NMR data indicates that the Gly to Ala substitutions lead to nonequivalence of the Ala residues in the three strands with one of the strands likely to form a good backbone hydrogen bond while the other two do not, and one strand having a very significant down field-shifted 1 H resonance relative to other two resonances in the HSQC spectra. The NMR 23 data suggest that the nature of the H-bonding in the G→A peptide is more asymmetric and dynamic than that of the crystal structure. However, because of the lack of chain-specific NMR assignments and in light of the complex H-bonding configurations of the triple helix 18, 19 which include inter-chain H-bonding, an extensive hydration network, and in certain instances water-mediated H-bonds, a full description of the H-bonding structure and dynamics is impossible using NMR data alone.
In this study, we integrate NMR and molecular dynamics (MD) simulations with explicit solvent to elucidate the complex H-bonding dynamics of a triple helix that contains a Gly mutation site that models a disease state. The MD simulations capture structural perturbations consistent with the NMR studies, supporting the notion that the solution conformation of CMPs deviates from the x-ray crystal structure in many aspects. MD simulations using explicit waters on the simplest model peptide of OI, the G→A peptide, show that the rod like molecule has significant bending motions, on a time scale of hundreds of picoseconds and that the three triple helical chains display distinctly different H-bonding dynamics. The H-bonding occupancies at the Ala mutation site are different in the three chains and have complex dynamics; water is moving in and out to allow the formation of direct H-bonds or to form dynamic interstitial water-mediated H-bonds. Theoretical calculations of NMR chemical shifts on the MD snapshots that contain interstitial waters can account for the unusual downfield NMR chemical shifts observed at Gly substitution sites and highlight the sensitivity of the 1 H chemical shift to the complex dynamics of the Hbonding occupancies. We can explore in this unique system the differences between direct (interchain) hydrogen bonding and water-mediated interactions in ways that are generally not possible with globular proteins. These results, combined with NMR data for other peptides, suggest a general model for the structural and dynamic consequences of glycine interruptions in collagen.
MATERIALS AND METHODS

MD System Description and Setup
The initial coordinates of the collagen-like peptides, (POG) 4 -(POA)-(POG) 5 [referred as G→A peptide] and (POG) 10 were taken from the published crystal structures in PDB code 1CAG 18 and 1V7H 25 , respectively. MD simulations were performed with the Amber 99SB 58 protein force field using the AMBER10 programs 59 . In the simulation, the protein is placed in a truncated octahedral periodic box of the explicit SPC water model with about 27,700 water molecules. The distance from the surface of the box to the closet atom of the solute is set to 15 Å. The system is heated from 0 to 293 K over 1ns and followed by 3 ns simulation with restraints then 1 ns without restraints in the NPT ensemble. Finally, MD production simulation is performed in the NVE ensemble. In MD simulations, SHAKE algorithm is used to constrain all the bonds involving hydrogen atoms and the time step is 1 fs. The potential energy function represents the contribution from bond, dihedral angles, van der Waals, and electrostatic terms. The particle-mesh Ewald method was used to calculate the electrostatics interaction and a non-bonded cutoff of 8 Å was used during the MD simulation. The simulations were run for 170 ns for G→A peptide, and 100 ns for (POG) 10 peptides. A separate 1 μs simulation of the G→A peptide in solution (see Fig. S3 in Supporting Information) confirmed that structure is stable on this longer time scale, and that no significant changes were seen compared to the 170 ns simulation analyzed here. All trajectories were saved every 2ps for future analysis. Post processing and analysis were carried out using the cpptraj analysis tool 60 .
Crystal Simulations
Simulations of the G→A peptide used the same force field parameters described above. We created a supercell consisting of 6 unit cells: 1 copy along the a (triple-helix) direction, and 3 and 2 copies along the b and c directions, respectively. Acetate ions modeled in the 1CGD pdb entry 19 were modeled, and neutralized by an equal number of sodium ions. The number of water molecules needed to maintain the observed unit cell dimensions was determined by trial and error to be 3384. The simulation temperature was maintained at 263 K (the temperature of data collection) by a Langevin thermostat with a collision frequency of 5 ps −1 . Constant pressure was maintained with a weak-coupling (Berendsen) barostat with a time constant of 3 ps. After 280 ns of equilibration (during which time restraints on the peptide to keep it near its crystallographic position were gradually relaxed), 300 ns of production simulation were carried out. The final supercell dimensions were 173.36, 42.15, and 50.58 Å, compared to 173. 46, 42.17 , and 50.62 Å in the experiment. (The β angle of 95.82° was not allowed to vary.) In a typical snapshot, the backbone atoms of the triple helix differed by 1.2 Å (root-mean-square distance) from the deposited model in the 1CGD pdb entry.
Theoretical Chemical Shift Calculation
Proton and nitrogen chemical shifts for the NH atoms of the Gly and Ala residues were estimated using the automated fragmentation model originally introduced by He et al. 31 . In this model, a quantum region is defined around the residue whose shift is being calculated, that includes that residue and its neighbors out to a cutoff of about 3.5 Å. Water molecules within a similar distance are also included. Protein residues beyond the cutoff are included as MM (molecular mechanics) atoms, and the effects of waters beyond the cutoff are treated with a continuum dielectric (Poisson) model. Details are given elsewhere 32, 35, 61 . For these calculations, we used the OLYP density functional with a TZVP basis set (as recommended elsewhere 61 ), using the demon-2k (version 3) program. For each calculation, we averaged over 400 equally spaced snapshots with an interval of 50 ps from the last 20 ns of the MD simulation. The computed shielding was compared to those for amide nitrogen and hydrogen in ubiquitin (using the same computational model), to obtain the reported chemical shifts. The same snapshots were analyzed by the SHIFTX2 program 33 using default parameters, with no homology information being used.
NMR Experiments
Peptide (POG) 4 POA(POG) 5 [designed as G→A peptide] was synthesized by the Tufts University Core Facility and purified using a Waters XTerra Prep C18 column on an Amersham Biosciences fast protein liquid chromatography system 23 . The G→A peptide was made with selectively 15 N labeled residues at Ala15 and Gly24 positions; labeling was limited by the repetitive sequence. NMR samples for the G→A peptide were prepared in 10% D2O/90% H2O at pH 2 with concentrations of 3 mm.
NMR experiments for the G→A peptide were performed on a Varian INOVA 500-MHz spectrometer. The HSQC experiment was performed at 15 °C. The 3 J HNHA coupling constants were measured and corrected. For the measurements of amide proton temperature gradients, 1 H-15 N HSQC spectra were obtained at 0-25 °C with an interval of 5 °C. The sample was equilibrated at each temperature for at least 3 h. Amide proton temperature gradients were obtained by linear regression analysis of the amide proton chemical shifts versus temperature. All data were processed using the FELIX 2004 software package (Felix NMR, Inc., San Diego, CA) and/or NMRPipe 62 and analyzed with FELIX 2004 or NMRView 63 as described before 23, 56 .
RESULTS
MD simulations indicate structural and dynamic perturbations at the Gly substitution sites
MD simulations offer a complement to x-ray and NMR structures by providing models and structures that can be analyzed for conformational flexibility, as well as global and local motions. CMPs have been typically considered to be relatively rigid rod-like molecules and the crystal structure of the G→A peptide ( Figure 1a ) appears as a straight structure. Our simulations show small but noticeable bending motions, on a time scale of hundreds of picoseconds for the (POG) 10 peptide and the G→A peptide ( Figure 1b ). The distribution of bending angles for both peptides suggests that the triple helix cannot be treated as a rigid rod and notably, the G→A peptide has a slightly larger distribution of bending angles than the (POG) 10 peptide. The bending angle calculated from the crystal structure of either (POG) 10 or G→A is nearly linear (ca. 176°) and notably different from those observed in the solution MD simulations, where values from 150° to 180° are found. Snapshots corresponding to three different bending angles of G→A peptide are shown in Figure 1c , highlighting the non-negligible conformational fluctuations in solution of the mutation peptide relative to the (POG) 10 peptide. Such bending implies a non-equivalence in the three chains.
The local perturbations in conformation induced by the Gly to Ala substitution can be further characterized by comparing the (ϕ,ψ) backbone angles of the three chains at the Ala at the 15 th position (referred to as A15) with those of G24 that acts as an internal control for a region that is not disrupted (Figure 1d ). The angles in a repeating (G-X-Y) region are centered at (−61°, 148°), characteristic of a PPII conformation. The three A15 and G24 residues have similar ψ angle distributions but adopt different ϕ angles. The Ala residue in the leading chain ( L A15) (where "L", "M" and "T" stand for the leading, middle and trailing strands,) is most similar to the G24 control, whereas the T A15 shows a small population further away from PPII conformation and M A15 adopts dihedral angles closer to the β region of the Ramachandran plot, confirming that the disruption creates an inequivalence between the three chains. The X-ray conformation 18, 19 also has a more negative ϕ angle for the middle chain, and we show below that these trends are consistent with NMR coupling constants in solution 23 . The presence of a more extended backbone conformation in the middle chain (relative to the leading and trailing chains) is consistent with a greater propensity for bending, allowing the path-length of this chain to be somewhat longer than those of the other two chains.
A Gly→Ala substitution results in an asymmetric water mediated H-bonding distribution within the three chains
The characteristic H-bonds that exist for Gly residues in the (G-X-Y) n repeating environment is significantly altered at the Gly to Ala substitution site, and modestly altered at the G18 position one triplet C-terminal to it. Typically in the (G-X-Y) n repeating unit there is a direct H-bond between the Gly NH and the O=C of the X residue in the neighboring chain (Figure 2a ) 18, 19, 25 . In the G→A peptide (Figure 2b ), the terminal G6 and G24 residues and the G12 residue that is just N-terminal to A15 have an N-O distance distribution that is identical for all three chains and that is consistent with a typical interchain H-bond. By contrast, for A15 the distribution of N-O bond distance is different for the three chains and for each chain the distribution is bi-modal. The peak near 2.8 Å, is consistent with a direct H-bond, whereas the second peak, at 4.5~5 Å, indicates the loss of a direct H-bond. The leading chain, L A15, has an inter-chain H-bond 72% of the time, whereas T A15 and M A15 have inter-chain H-bond occupancies of 30% and 17%. H-bonding disruption is also seen at G18, C-terminal to the mutation site, but not at G12, N-terminal to the mutation site. Therefore in addition to inequivalent H-bonding distributions at the 
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Author Manuscript mutation site, the distribution of hydrogen bonds relative to the substitution site is not symmetric.
An analysis of the H-bond dynamics in the G→A peptide is given in Figure 3 . L A15 has direct inter-chain H-bonds between the NH-OC for almost the entire length of the MD simulation (Figure 3b , 3f), except for brief disruptions, e.g. at 2, 12 and 19 ns; G24 in the repeating (G-X-Y) n region is similar, but lacks these brief disruptions (Figure 3a, 3e ). By contrast, M A15 exhibits interstitial NH-H2O-OC water bridges with lifetimes of a few nanoseconds (Figure 3c, 3g ), and T A15 has NH-H2O dangling water H-bonds in which the waters move in and out on the 100 ps timescale (Figure 3d, 3h ). The loss of inter-chain Hbonds appear to be compensated by solvent H-bonds at all times during the simulation. The three chains are inequivalent with regard to the type of H-bonds at the mutation sites and show an asymmetry in terms of the residence times for the water H-bonds. Parallel simulations in the crystalline environment show no evidence for direct hydrogen bonding in the L and M chains, and a partial loss of a dangling water in the T chain ( Figure S1 ). This suggests that the differences we see relative to the crystal configuration are not artifacts of the force field, but are more strongly related to the change in triple-helix environment in going from crystal to solution.
NMR chemical shifts in the G→A peptide are accurately predicted from MD snapshots that contain water mediated H-bonds
NMR studies on the G→A peptide have shown the non-equivalence of the three Ala residues in solution both in terms of their chemical shifts and their hydrogen bonding patterns 22, 23, 26 . The 1 H-15 N HSQC spectrum of G→A (Figure 4a ) indicates that A15 gives rise to three trimer peaks while G24 gives rise to only one trimer peak due to overlapping resonances arising from the similar (POG) 4 environment surrounding the Gly NH. The three amide protons from alanine range from 8.8 to 9.4 ppm, and the most downfield-shifted proton is bonded to the least downfield nitrogen (Figure 4a ). At the time these measurements were made, it was not possible to make assignments to specific chains, and they were simply labeled "1", "2" and "3", as in Figure 4a 22, 23 . A mide proton temperature gradients (NH Δδ/ΔT) can be used to indicate the existence of hydrogen bonding; a value greater than -4.6 ppb/°C suggests the existence of an internal (non-water) hydrogen bond [27] [28] [29] . The NH Δδ/ΔT measurements (Table 1) show that the H-bonding of the three chains is inequivalent; two Ala residues have a much more negative temperature dependence than the third, suggesting a lack of inter-chain hydrogen bonding in two of the three chains.
Automated fragment quantum mechanics/molecular mechanics (AF-QMMM) calculations 31, 32 were used to calculate NMR chemical shifts for the G24 and A15 residues using 400 MD snapshots from the last 20 nanoseconds of the simulation (Figure 4b ). For comparison, the same snapshots were analyzed using the SHIFTX2 empirical model 33 , which has been calibrated against observed shifts in globular proteins (Figure 4b ). (Details are given in the Methods section.) The calculated chemical shifts from the AF-QMMM method show a similar pattern to that observed in the experimental NMR spectrum 22, 23 . M A15 is significantly downfield shifted relative to T A15 and L A15, and G24 in the (POG) 4 region is shifted relative to L A15. In contrast, the SHIFTX2 calculations show that the three Ala residues have a very narrow range of chemical shifts relative to each other and G24 is centered at the same 1 H chemical shift as the three Ala residues. The amide proton shifts in A15 in the three chains differ by only 0.2 ppm in the SHIFTX2 results, compared to 0.8 ppm in the AF-QMMM model, and 0.6 ppm in the observed spectrum. These data can be understood by looking at the distribution of amide chemical shifts for the individual snapshots using both the AF-QMMM and SHIFTX2 calculations. Figure 5a shows that individual snapshots using AF-QMMM have a wide range (up to 5 ppm) of proton shifts, and underscore the well-known difficulties of interpreting amide-proton shifts 32, [34] [35] [36] . One must have both accurate estimates of shifts of individual conformers and of relative populations in order to obtain a useful estimate of the average resonance position. The QM/MM calculated 1 H chemical shifts are systematically underestimated by ~1.4 ppm, a pattern that has been seen in studies of folded proteins as well 32, 37 . The empirical SHIFTX2 models are trained to give average shifts from a single conformation, and thus have a bias towards understating conformational variability (Figure 4b ). The variation among snapshots (Figure 5b) is much smaller, about 1 ppm for the SHIFTX2. In spite of these differences, the pattern of proton shifts (L<T<M chain) is the same in both calculations, as shown in Figure 4b . Calculations using the SHIFTS model 35 also understate the differences between the A15 resonances in the three chains, although the distribution of shifts is wider than that seen in Fig. 5b for SHIFTX2; (see Fig. S4 in Supporting Information). This wider distribution is in line with expectations, since SHIFTS was calibrated against quantum calculations whereas SHIFTX2 was fit to experimental data.
To explore the basis for the relationship between the values of the calculated chemical shifts and the asymmetric hydrogen bonding distributions, correlations between the 1 H chemical shift and the distance to either a direct H-bond or a water mediated H-bond were examined. The AF-QMMM simulations indicate that the amide proton chemical shift is sensitive to the type of H-bond acceptor particularly for short H-bond distances (Figure 6a ) and that hydrogen bonding to water results in downfield shifted 1 H resonances relative to direct Hbonds of the same length. This trend is not observed for the 15 N chemical shift (Figure 6b ). For the direct H-bonds between the Ala NH and the Pro O=C, the 1 H shift is very sensitive to the distance between donor and acceptor and decreases linearly with a steep slope for values between 2.0 and 2.5 Å. Representative examples of the amide proton shift resulting from a direct hydrogen bond for L A15 and a water-mediated hydrogen bond for M A15 are shown in Figure 6c and Figure 6d . These results suggest that, at a given distance, hydrogen bonding to water is more electron de-shielding than direct hydrogen bonding to a peptide carbonyl, and that the enhanced downfield 1 H chemical shift is related to the distance of the closest hydrogen bond acceptor. These data are consistent with the fact that the distributions of chemical shifts for the different residues seen in Figure 5a resembles the population distribution for the hydrogen bonding topology seen in Figure 2b . Both the distribution of distances (Figure 2b ) of the amide proton shifts (Figure 5a ) are roughly bimodal for the three Ala residues: the relatively infrequent breaking of H-bonds in the leading chain (noted above, cf. Figure 3b) is evident in the shift distribution, and the dynamic swapping of direct and water-mediated H-bonds seen in Figure 3c and 3d is also present in the shift distributions.
The theoretical HSQC spectra can be used in order to assign the chain identity and stagger to the three Ala in the HSQC spectrum. Residue 1A15 is assigned to M A15, residue 2A15 to T A15 and residue 3A15 to L A15 (Figure 4 ). The calculations predict that the mostdownfield NMR chemical shift observed experimentally corresponds to the M A15 amide proton hydrogen bond. Having the chains assignments in the NMR spectrum allows us to examine the relationship between the NMR temperature dependence and the nature of the hydrogen bonding observed in the MD simulations. The hydrogen bond analyses of the Ala residues from the MD simulation are in excellent agreement with the NMR amide proton temperature dependent chemical shifts. The data suggest that the L A15 is consistent with formation of direct H-bonds, while other two Ala residues ( M A15 and T A15) are consistent with the lack of direct H bonds.
A comparison of the experimental NMR 23 and theoretical 3 J HNHA coupling constants (Table  1 ) provides further support for the assignments described above. G24 and L A15 have similar coupling constants that are consistent with a PPII conformation, whereas M A15 (both experimentally and computationally from the MD simulation) show a larger coupling constant that is more consistent with conformational sampling of the β region. As noted above, this feature of the middle chain is also present in the G→A peptide crystal structure 18 .
DISCUSSION
Gly substitutions in the repeating (G-X-Y) n sequence of collagen result in connective tissue disease that can range from lethal to non-lethal phenotype; characterization of the triple helix structure is complex and here we are interested in understanding the effect on structure and dynamics of a G to A disruption in the canonical (Gly-X-Y) n sequence. X-ray crystallography 18, 19 has provided insight into such sequences via the detailed description of the simplest model peptide of OI (G→A peptide). X-ray data has shown that the central zone that surrounds the mutation site has a small bulge and that the hydrogen bonding network is altered. All three alanine residues have a water mediated hydrogen bond, rather than a direct hydrogen bond, from the alanine NH to the carbonyl oxygen of the proline on the X residue. As opposed to the x-ray structure, solution NMR studies 22, 23 have shown that the disruption at the alanine substitution site leads to an asymmetry of the three chains; the alanine amide proton in one of the chains is significantly downfield shifted relative to the other two and the chemical shift temperature dependence suggests that only a single chain contains a direct H-bond. Due to the anisotropic shape of the peptide, the one residue stagger and the screw symmetry of the three supercoiled PPII chains, it has been impossible to assign the resonances to the individual chains and interpret these unusual chemical shifts and temperature dependent data using NMR alone [22] [23] [24] .
MD simulations have been performed on CMPs to provide a structural and dynamic view of the collagen triple helix in order to better understand recognition regions and the nature of Gly interruptions [38] [39] [40] [41] [42] [43] . The G→A peptide was studied in early MD simulations by Klein and Huang 40 . These used an earlier version of the Amber force field, included a small shell of 267 water molecules, and were carried out for 0.5 to 1ns of simulation time. Hydrogenbonding patterns changed very little during the course of the simulation, and almost no bending was seen. Improvements in programs and computers now permit calculations like those presented here, which employ periodic boundary conditions, about 27,000 water molecules, and simulation times that are two orders of magnitude longer than those available in 1999. In particular, we note that much of the transition to three inequivalent chains took place only after 40 ns of simulation, as illustrated in Figure S2 in the Supporting Information.
Other recent MD simulations of triple helices have focused on hydration effects in a variety of sequence contexts [44] [45] [46] [47] [48] [49] . A striking difference between the crystal structure and the MD solution structures is the water density and its mobility around the mutation sites (Figure 7) . In the crystal, the amide groups of all three Ala residues (and one Gly, which is one triplet C-terminal to Ala) do not have direct H-bonds, but instead have interstitial waters bridges (Figure 7a) . In contrast to the equivalent environment in the crystal structure of the three Ala residues, the solution MD simulations indicate an inequivalent distribution of solvent around the three Ala residues such that L A15 has no water occupancy and M A15 has the highestdensity (>75%) contour of water occupancy (Figure 7b) . A schematic of the H-bonding in the crystal and MD simulations indicates the differences in water-mediated hydrogen bonding patterns (Figure 7c, 7d) .
A direct interpretation of the unusual NMR chemical shifts and temperature dependent data is obtained from the MD results for the G→A peptide reported here. The H-bonding patterns in the NMR temperature dependent chemical shift experiments are mirrored in the MD simulations and together support the view that different chains display different H-bonding occupancies. H-bonds at the Ala mutation site and one-triplet C-terminal to it have complex dynamics in which water is moving in and out to break or form inter-chain H-bonds. Specifically, one Ala NH is involved in water-mediated hydrogen bonding while another has a direct hydrogen bond showing that the H-bonding configuration is different at the three axial levels and that one Ala can maintain a direct H-bond in the context of a G→A mutation while the other two cannot.
We note the strong agreement between the calculated chemical shifts from the MD simulations and the experimental NMR chemical shifts. Using AF-QMMM calculations 31, 32 , the calculated chemical shifts are able to reproduce both the unusually downfield shifted Ala 1 H chemical shift and the wide range of chemical shifts that arise for the three distinct Ala residues. Attempts at predicting the chemical shifts for the triple helix using empirical approaches such as SHIFTX2 33 results in a significantly weaker correlation with experimental data; notably the range of chemical shifts in the empirical calculations is extremely narrow. The AF-QMMM calculations provide insight into the reasons for the unusually downfield shifted A15 resonance and the range of chemical shifts observed at the A15 position. They suggest that there is a strong dependence of the chemical shift on the population of interstitial water relative to the population of backbone NH amide protons that have direct H-bonds. The better agreement of the AF-QMMM calculations to the experimental data relative to SHIFTX2 suggests that inclusion of the solvent is critical for obtaining more accurate chemical shift calculations 32 and highlights the sensitivity of the 1 H chemical shift to the complex dynamics of the H-bonding occupancies. 
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Author Manuscript NMR conformation and dynamics of the G→A peptide can be compared with a G→S peptide [T1-898(G901S)] that models a natural glycine replaced with serine at site 901 associated with a mild case of OI 23 . Peptide T1-898(G901S) (sequence : Ac-(GPO) 4 -GPV-SPA-GAR-(GPO) 4 GY-CONH 2 ) contains the collagen sequence GPV-SPA-GAR from position 898-906 in the α1 chain, thereby making this a more realistic model of OI. As in the G→A peptide, T1-898(G901S) shows an asymmetry in the solution behavior of the three chains and increased flexibility C-terminal to the mutation site relative to the N-terminal site. Strikingly, the chemical shift and temperature dependent chemical shift profile for T1-898(G901S) is similar to that of the G→A peptide. One serine resonance (trailing chain) is highly downfield shifted relative to the other two and another serine (middle chain) shows temperature dependent chemical shift data suggestive of a direct hydrogen bond. We are investigating whether the downfield shifted resonance in T1-898(G901S) is due to the presence of interstitial water but the MD simulations of the G→A peptide and the similarity of the NMR parameters is highly suggestive. In both NMR studies and MD simulations, we observe an asymmetry in the dynamics of the C-terminus relative to the N-terminus. This is consistent with previous suggestions that clinical severity is related to dynamics immediately adjacent to the mutation site 24, 50 and to the existence of destabilizing sequences C-terminal to the mutation site 22, [50] [51] [52] .
OI is a disease that arises from the substitution of a single glycine to another residue in fibrillar collagens, which have an absolute requirement for Gly as every third residue. However non-fibrillar collagens, such as type IV collagen in basement membranes, also contain breaks in the (Gly-X-Y) n repeating pattern 53, 54 . In non-fibrillar collagens, these breaks are not associated with disease but rather may be involved in molecular recognition or flexibility 54 . Interruptions in non-fibrillar collagens may be of variable length and are classified by the number of residues between the repeating Gly residues; for example, Gly residues that are separated by four residues are referred to as G4G interruptions 53 . Single Gly substitutions can be considered G5G interruptions (for example: GPOAPOG) suggesting that the properties that are observed for the OI substitution peptides may be relevant to peptides that model interruptions 26, 53, 55 . We have previously shown that peptides 53, 56, 57 that model natural interruptions in the (Gly-X-Y) n sequence show similar NMR patterns to peptides that model G to X mutations. NMR studies 56,57 on the GAAVMG peptide (G4G) show a highly localized structural perturbation with close packing of the Val residue near the central axis, similarly to the G→A and T1-898(G901S) peptides. The intriguing trends in chemical shifts that we have observed in peptides that contain Gly substitutions are also observed in the GAAVM peptide; asymmetry in the behavior of the three chains at the (GXY) n break is observed along with 1 H chemical shifts that are significantly downfield shifted for one chain relative to the other two. Based on the MD simulations for the G→A peptide, we suggest that the downfield shifted resonance arises from water-mediated hydrogen bonding at a one of the Val residues in the interruption region. This is consistent with hypotheses by Bella 26 , based on the existing crystal structure for a G1G interruption, Hyp − (…POGPGPOG…), that the hydrogen bonding topology for a G4G peptide (which is commensurate with a G1G peptide,) would contains water mediated hydrogen bonds. The complementary NMR and MD data suggest that disruption of the repeating (Gly-X-Y) n sequence either through Gly to X mutations or through natural interruptions may result in the introduction of interstitial water hydrogen bonds at the noncanonical (G-X-Y) n sites. We can explore in this unique system the differences between direct (interchain) hydrogen bonding and water-mediated interactions in ways that are generally not possible with globular proteins. These results, combined with NMR data for other peptides, suggest a general model for the structural and dynamic consequences of glycine interruptions in collagen.
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